The default of Suntech Power made the year 2013 in China "the first year of default" of bond markets. People are also clearly aware of the default risk of corporate bonds and find that fair pricing for defaultable corporate bonds is very important. In this paper we first give the pricing model based on incomplete information, then empirically price the Chinese corporate bond "11 super JGBS" from Merton's model, reduced-form model, and incomplete information model, respectively, and then compare the obtained prices with the real prices. Results show that all the three models can reflect the trend of bond prices, but the incomplete information model fits the real prices best. In addition, the default probability obtained from the incomplete information model can discriminate the credit quality of listed companies.
Introduction
Because of the subprime crisis and the European sovereign debt crisis, global economy has been seriously hit. Subsequently, Standard and Poor downgraded the US credit rating. In China, the no default phenomenon in bond markets was broken by the default of the Suntech Power in 2013. So the year 2013 in China became "the first year of default" of bond markets.
The year 2012 was of great significance for Chinese bond market. The United Credit indicated that there were 4 defaults in Chinese interbank bond market during 2012. The overall default probability of corporate bonds was 0.17 if in terms of the bond maturity and 0.12 if in terms of bond issuance. This means that the year 2012 was a new starting point of Chinese bond market. The company Chaori Solar Energy has attracted public attention since the issuance. And due to the high default risk, it was once predicted to be the first default of domestic bonds.
Because of the higher and higher default risk for Chinese corporate bond, it is very important to study the issues of pricing and risk management for defaultable bonds. There are three main models for defaultable bond pricing: the traditional structural model [1] and reduced-form model [2] and the emerging incomplete information model. The traditional models are carried out under the assumption of perfect information and that default can be measured by observable changes in the asset value. However, in the real world, the volatility and growth rate of a company's asset value cannot be directly observed, which makes the default probability based on the traditional model biased with the actual situation and also leads to the result that the expected absolute level is low. Therefore, Duffie and Lando [3] relaxed the complete information assumptions in traditional models and proposed the incomplete information model. Then Giesecke and Goldberg [4] and Liu [5] further investigated the incomplete information model under the assumption of incomplete information and gave different types of incomplete information model.
In this paper, we give a new pricing formula for defaultable corporate bonds by combining the incomplete information model with the credit risk premium based on default probability. Then we calculate the default probability and price for the Chinese corporate bond "11 super JGBS" from the three models: structural model, reduced-form model, and incomplete information model. Results show that all the three models can reflect the trend of bond prices, but the incomplete information model can fit the real prices best and 2 Mathematical Problems in Engineering can discriminate the credit quality of listed companies more effectively.
The rest of the paper is organized as follows. In Section 2, we introduce the traditional pricing models for defaultable corporate bonds. Then in Section 3 we propose a new pricing model based on the incomplete information model and the credit risk premium. An empirical calculation is given in Section 4, and then Section 5 concludes the paper.
Traditional Pricing Models for Defaultable Bonds
In this section, we will introduce the two traditional pricing models: Merton's structural model and reduced-form model.
Structural
Model. The structural model was first put forward by Merton [1] and then extended by Black and Cox [6] , in which the company's debt is regarded as a contingent claim of the company's assets. When the company's asset value is lower than its liabilities, the company will go bankrupt. The value of equity can be obtained by the Black-Scholes option pricing model [7] , and the debt value is the company's total value minus the equity value.
In this paper, we assume that stocks and bonds constitute the company's assets structure. In Merton's model, if the asset value is lower than the liability value at the maturity of debt, the corporate defaults. He assumed that the value of corporate bonds basically depends on three factors: the rate of return of a risk-free bond, default probability, and various regulations and restrictions in the bond terms such as maturity date, coupon rate, seniority of default event, and sinking fund.
Reduced-Form Model.
The reduced-form model assumes that the default is exogenous and will occur with no warnings. It directly defines the default time according to default intensity, which avoids to model the unobservable corporate value. The representative work includes Jarrow and Turnbull [2] and Duffie and Singleton [8] . They treated the default as a jump process, and the default process can depend on exogenous macrostate variables. The reduced-form model has the following characteristics: (1) it assumes that the market was complete which is accordant with the no-arbitrage assumption; (2) the credit risk can be obtained by the default probability; (3) the default is a random process; (4) the default recovery rate is an exogenous variable.
The reduced-form model does not consider the relationship between the default and corporate value, so some researchers made some extension. In the reduced-form model, default time is decided by the first jump of the exogenous jump process and the parameters of default intensity are given by the market data, and information can be observed in the market. However, the real market is asymmetric, and we can hardly avoid the information distortion. Therefore, in addition to the part information of the company's assets and liabilities, other information such as the default boundaries is difficult to observe.
The Incomplete Information Model Combined with Credit Risk Premium
Different from the traditional models, the incomplete information model is to analyze credit risk based on incomplete information. In reality, default occurs when there is no omen, and the information about company's asset value and default boundary cannot be completely observed by investors. That is, the information is incomplete. We cannot predict when default occurs and cannot price the bond according to the exact asset value and default boundaries. Under the condition that the information about company's asset value and boundaries is not complete, investors can only observe the default according to Giesecke [9] . When companies issue bonds, they only announce their initial debt value 0 to investors. Then after they issue the bonds, investors receive the incomplete information about corporate value such as the company's accounting statements with noise.
We use a complete probability space (Ω, I, ) to represent the uncertainty and use I to denote the information filtration. From the information incompleteness we know that corporate value ∉ I . We then assume that follows a geometric Brownian motion with volatility and drift = − (1/2) 2 . is used to denote the historical lowest value of the company; then the distribution of is
where, Φ is the standard normal distribution. Then the derivative of Ψ( , ) with respect to is
where is the standard normal density function. Duffie and Lando [3] showed that when the default boundary is known, the price trend satisfies
We use to denote the default time; then its conditional distribution is
For ≥ 0, the conditional distribution of with respect to I is assumed to be ( , ). From the information incompleteness we know that ( , ) is continuous and increasing. Then from Duffie and Lando [3] , the conditional survival probability is
where ( ) = , < 0. If the price trend is continuous, then
When investors can only observe the default we have
Assuming that 0 = 0, then
Together with (3) we obtain
For simplicity we set Γ = √ / ; then
From (2) and (9) we get
Then the default probability is 
From the above formulas we can see that, for different hypothesis about the information of the corporate value and default boundary, the default probability and credit risk premium are different.
Let be the risk-free interest rate; let and be the yield and default probability of the corporate bond at time , respectively. Then for a single period bond, (1 + )(1 − ) = 1 + ; that is,
We put = ( /(1− ))(1+ ); then is the credit risk premium of the corporate bond.
For multiperiod corporate bond, we assume that ( = 1, 2, . . . , ) is the risk-free interest rate for maturity , is the credit risk premium, and is the cash flow; then the expected price of a corporate bond is
This is the formula for pricing a corporate bond considering the credit risk premium. In the next section we will use this formula to empirically calculate the price for a Chinese corporate bond and compare the prices obtained from (14) with those obtained from the traditional structural model and reduced-form model.
Empirical Pricing
In this section, we choose the "11 super JGBS" bond with high default risk for empirical analysis. The "11 super JGBS" bond was issued by Shanghai Chaori Solar Energy Science Company. When it was first issued, Pengyuan Credit Bureau rated it as AA; then on December 27, 2012, it was downgraded to AA−,, then on April 10, 2013, to BBB +, and finally on May 20, 2013, to CCC.
On December 20, 2012, the stocks and bonds of Shanghai Chaori Solar Energy Science were both suspended, so we select the data of "11 super JGBS" from April 20, 2012, to December 19, 2012, for empirical research. Table 1 is about the basic information of the bond.
Firstly, we calculate the default probability and the price of "11 super JGBS" based on the incomplete information model. Under this model, we calculate the asset value and its volatility V and the company stock value and its volatility as well as its draft term , respectively. Then we use Matlab to estimate the parameters and get the results as shown in Table 2 . Table 3 is Moody's credit rating standard, from which we can see that, under the incomplete information model, "11 super JGBS" bond has a high default probability and is already a junk bond. But in reality, the bond rating remains at A level. Since 2012, the company has experienced a series of credit events such as delinquent loans, stagnation of production, and investigation by the regulators. The suspension of the bond on December 20, 2012, also verifies the truth that the default probability is very high. Investors are very concerned with the bond's credit risk, so the incomplete information model can effectively discriminate the bonds with high risk.
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Next, we calculate the default probability for the sample period every 5 days based on the asset's volatility under three models and get Figure 1 .
Combining with Table 3 , we can see that, during the sample periods, the default probabilities estimated from Merton's model and the reduced-form model are significantly less than those obtained from the incomplete information model. For the two traditional models, the bond credit rating remains at A level. Only for some points obtained from Merton's model, the estimated credit rating falls to Baa. However, the default probability estimated from the incomplete information model has been rising, and the credit rating is falling. It indicates that the incomplete information model is most sensitive to the change of company information, so it can detect the changes in the credit quality quickly. Therefore the incomplete information model can effectively discriminate the credit risk of listed companies.
We then calculate the bond's theoretical prices for the sample period every 5 days based on the asset's volatility under the three models and compare them with the real prices, which are shown Figure 2 .
From Figure 2 we can see that all the three models can reflect the general trend of bond prices, but in comparison, the incomplete information model fits the real prices and reflects the basic movements of prices better. In addition, influenced by bad information such as reduced performance and credit downgrade, the default risk of the bond is expanding fast. For example, on December 20, the stock of Chaori Solar Energy Science Company was suspended. Based on historical information of the company, the incomplete information model reflects the surge of credit risk.
Finally, we make the sensitivity analysis by letting the asset's volatility range from 0.02 to 0.06 and the risk-free interest rate from 0.0314 to 0.072. Results are shown in Figure 3 .
In Figure 3 , the -, -, and -axes represent the asset's volatility, the risk-free interest rate, and the bond price, respectively. We can see that the higher the asset's volatility, the higher the bond price, and the higher the risk-free interest rate, the lower the bond price. And the bond price is more sensitive to the asset's volatility. So the asset's volatility is an important factor influencing the bond price. 
Conclusions
In this paper, we extend the incomplete information model by combining with the credit risk premium and redefined the pricing formula for defaultable corporate bonds. By comparing the three models, we find that the incomplete information model is a better method to identify and distinguish between bond credit ratings. It can also fit bond prices better and reflect the change of company information more sensitively. Suntech's default broke the no-default phenomenon in Chinese bond market, which means that the impact of listed company's credit risk is more and more important. We think that the incomplete information model is more effective to price defaultable corporate bonds and will provide new thoughts for investors to avoid credit risk. In recent years, some researchers use the structural model and reduced-form model to study the default correlation and then price defaultable bonds and credit derivatives, such as Yu [10] , P. Li and Z. Z. Li [11] , and Wen and Liu [12] . In our next research, we will use the incomplete information model combined with copula function to study the default correlation and price defaultable bonds and credit derivatives.
